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We report on the discovery ofmagnetite nanoparticles ranging in size from 2 to 14 nm in themineralized zones
of the Pen˜a Colorada iron-ore deposit, southern Mexico. Micrometric scale magnetite was magnetically reduced
and divided into distinct size ranges: 85–56 μm, 56–30 μm, 30–22 μm, 22–15 μm, 15–10 μm, 10–7 μm and 7–
2 μm. Nanometric-scalemagnetite in the size range 2–14 nm was identiﬁed. Themagnetite was characterized by
X-ray diffraction, transmitted and reﬂected light microscope, high-resolution transmission electron microscopy
(TEM), high angle annular dark ﬁeld, Mo¨ssbauer spectroscopy and its magnetic properties. Crystallographic
identiﬁcation of nanostructures was performed using high-resolution TEM. Characteristic changes were observed
when the particles make the size transition from micro- to nanometric sizes, as follows: (1) frequency-dependent
magnetic susceptibility percentage (χFD%) measurements show high values (13%) for the 2–14 nm fractions
attributed to dominant fractions of superparamagnetic particles; (2) variations of χFD% < 4.5% in fractions of 56–
0.2 μm occur in association with the presence ofmicroparticles formed bymagnetite aggregates of nanoparticles
(<15 nm) embedded in berthierine; (3) Mo¨ssbauer spectroscopy results identiﬁed a superparamagnetic fraction;
(4) nanometric and 0.2–7 μm grain size magnetite particles require a magnetic ﬁeld up to 152 mT to reach
saturation during the isothermal remanent magnetization experiment; (5) coercivity and remanent magnetization
of the magnetite increase when the particle size decreases, probably due to parallel coupling effects; (6) two-
magnetic susceptibility versus temperature experiments of the same 2–14 nm sample show that the reversibility
during the second heating is due to the formation of new magnetite nanoparticles and growth of those already
present during the ﬁrst heating process.
Key words: Magnetite nanoparticles, berthierine, particle size, magnetic properties, iron-ore deposit, Pen˜a
Colorada, Mexico.
1. Introduction
Magnetite nanoparticles remain in a particular position
of magnetic materials due to their unique physico-chemical
properties. As reported by Berquo´ et al. (2007 and refer-
ences therein), magnetite shows many fascinating phenom-
ena, such as: (1) charge ordering, mixed valence andmetal-
insulator transition (Verwey transition); (2) extraordinary
biocompatibility for biomedical applications; (3) ultrasmall
superparamagnetic (SP) iron oxides for perfusion imag-
ing. Magnetite nanoparticles can be obtained by several
methods, including the polyol process, precipitation route,
sonochemical synthesis, microemulsion technique and bio-
compatible coprecipitation (Wu et al., 2007, and references
therein).
The Pen˜a Colorada iron-ore deposit is located in the Pa-
ciﬁc continentalmargin of Mexico. It is the principal pellet-
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producer in Mexico, supplying an important volume of iron
to the world market. The Pen˜a Colorada deposit is, volu-
metrically, the largest in Mexico, with up to 26–35% weight
Fe. Rock magnetic properties and microscopic detailed
studies have been reported by Alva-Valdivia et al. (1996,
2000) and Rivas-Sa´nchez (2002, 2007), respectively.
The magnetic properties of nanosize ﬁne particle distri-
bution are dominated by effects of the particle size distribu-
tion and the behavior of the magnetic anisotropy (Blanco-
Manteco´n and O’Grady, 2006). The magnetite grain size
distribution is one of the fundamental factors controlling
the magnetic properties, and the occurrence of nanoparti-
cles at temperatures typical of near-surface to deep-crustal
conditions could provide a new tool by which to deﬁne the
thermal history of nanoparticle-bearing geologic and plan-
etary materials (Reich et al., 2006).
We report one of the ﬁrst quantitative results in terms of
well-identiﬁed grain-size distribution that support the gen-
eral theoretical basis of frequency-dependent magnetic sus-
ceptibility (Dearing et al., 1996). We characterized natu-
151
152 M. L. RIVAS-SA´NCHEZ et al.: NATURAL MAGNETITE NANOPARTICLES: SIZE DEPENDENCE








































Mg -  Magnetite
  B  -  Berthierine
  Q  -  Quartz
Fig. 1. Magnetite X-ray diffraction pattern: (a) micrometric magnetite;
(b) nanometric magnetite.
ral magnetite when particle size makes the transition from
micro- to nanometric sizes, observing distinctive changes
in the frequency-dependentmagnetic susceptibility percent-
age (χFD%)measurements. The values of χFD% in themin-
eralized sample of 2–14 nm magnetite nanoparticles and
Mo¨ssbauer spectroscopy identiﬁed a signiﬁcant proportion
of SP particles. The results of amagnetic susceptibility ver-
sus temperature experiment of the 2–14 nm sample that was
repeated in rapid succession suggest the formation of new
magnetite nanoparticles, which is similar to the results ob-
tained by Hirt and Gehring (1991).
2. Experimental Methods and Sample Descrip-
tion
We prepared a magnetic concentrate from the magnetite
ore that was classiﬁed in grain sizes using hydro-cycle pro-
cesses programmed in speciﬁc conditions of operation (den-
sity, ﬂux source, elutriation time). The samples are “mag-
netic concentrates” of different grain size obtained using
the “hydro-cycle method”. These processes are initiated
with a base mineral sample, following a sequence of grind-
ing treatment and low-intensity magnetic separation (us-
ing a magnetic permanent core). We obtained two sample
types: (1) one magnetite concentrate, strongly magnetic,
that was constituted mainly by magnetite particles of mi-
crometer scale (sample PC); (2) one moderately magnetic
sample, basically constituted by berthierine particles with
inclusions of magnetite of nanometer scale (sample A-3n).
The magnetite concentrate was classiﬁed in fractions of
distinct size ranges (micrometer scale) using hydro-cycle
procedures, by an equipment called cyclosizer and sub-
sieve sizer WARMAN model M8. This instrument gener-
ates hydro-cycles planned in speciﬁc conditions of opera-
tion. During each hydro-cycle, a mineral pulp formed by
magnetite particles suspended in water circulate continu-
ously, following a spiralmovement (like a cyclone) that sep-
arates, selects and accumulates magnetite particles of spe-
ciﬁc range size. We obtained six fractions formed by mag-
netite particles of distinct size range (56–30 μm, 30–22 μm,
22–15 μm, 15–10 μm, 10–7 μm and 7–0.2 μm). These size
fractions and the sample containingmagnetite nanoparticles
were characterized according to their crystalline, physico-
chemical and magnetic properties. We used X-ray diffrac-
tion (XRD) using a Rigaku diffractometer model Geiger-
Flex, transmitted and reﬂected light microscopy, an elec-
tron probe X-ray micro-analyzer (EPMA), humid chemical
analyses, high-resolution transmission electron microscopy
(TEM) with a JEOL 2010 FEG FASTEM, and Mo¨ssbauer
spectroscopy at room temperature using a Fe standard and
57Co/Rh radioactive source. Magnetic susceptibility at
varying frequencies was measured with a Bartington In-
struments MS2 linked to a MS2B dual frequency sensor.
We used low frequency (χlf = 470 Hz) and high-frequency
(χlf = 4700 Hz) to detect qualitatively the presence of ul-
traﬁne grain size carriers of SP behavior. Themagnetic sus-
ceptibility as a function of temperature was determined by
a susceptibilimeter Bartington MS2, with a sensor MS2W
coupled to a furnace MS2WFP. To measure the hysteresis
parameters and isothermal remanent magnetization (IRM)
acquisition and back-ﬁeld demagnetization curves, we used
an alternating ﬁeld-force gradient magnetometer, Micro-
mag 2900.
3. Results
3.1 XRD and high-resolution TEM
The ﬁrst part of our study consisted of a mineralogical
characterization by XRD analyses of the micro- and nano-
metric magnetite magnetic concentrates. The XRD identi-
ﬁed magnetite of a micro- and nanometric scale as the sole
Fe-oxide present in the sample (Fig. 1). These magnetite
particles are closely associated with berthierine and quartz.
Themicrometricmagnetite shows seven well-deﬁned peaks
supported by a narrow base in the XRD spectra, indicating
a greater degree of crystallinity (Berquo´ et al., 2007). The
opposite is observed for the magnetite nanoparticles, where
the peaks are not well deﬁned and are supported by a wide
base. Table 1 shows the chemical composition of the frac-
tions classiﬁed by grain size. We found magnetite nanopar-
ticles in one sample using high-resolution TEM; these are
probably the ﬁrst images of this type of mineral formed in
natural environments. Figure 2 shows a high angle annular
dark ﬁeld (HAADF) image of our semi-spherical magnetite
nanoparticles embedded in berthierine. The texture rela-
tionship and mineralogical association of magnetite with
berthierine is relevant because of their inﬂuence on mag-
netic behavior. The magnetite 2–14 nm nanoparticles form
nanometric size aggregates (∼50–200 nm) which are ce-
mented by berthierine (Rivas-Sa´nchez et al., 2006). These
aggregates also form another group of micrometric parti-
cles (0.2–56 μm). We measured the magnetic properties
in these distinct fractions of magnetite concentrates (micro-
and nanometric sizes). The crystallographic studies us-
ing high-resolution TEM conﬁrm the presence ofmagnetite
nanoparticles (Fig. 3), showing a magnetite nanostructure
oriented along the [112] direction with interplanar distances
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Table 1. Chemical composition of the magnetite fractions classiﬁed by grain size.
Sample Size (μm) Fe Fe2O3 FeO Al2O3 MgO CaO
PC1 56–30 67.40 64.17 28.83 1.39 0.39 0.52
PC2 30–22 65.99 62.88 28.21 1.89 0.50 0.73
PC3 22–15 63.57 60.58 27.22 2.17 0.58 0.93
PC4 15–10 62.55 59.61 26.78 2.50 0.64 1.05
PC5 10– 7 61.95 59.04 26.52 2.83 0.70 1.26
PC6 7– 0.2 61.33 58.45 26.26 2.90 0.97 1.29
A-3n 2–14 nm 4.13 3.93 1.78 13.03 2.24 4.18
200 nm
100 nm
Fig. 2. Magnetite semi-spherical nanoparticles detected by high angular
annular dark ﬁeld (HAADF) homogeneously disseminated in berthier-
ine.
d1 = 3.0 A˚ and d2 = 2.54 A˚. The Fast Fourier Transform
(FFT) also conﬁrms the [220] and [311] magnetite crys-
talline planes corresponding to these distances. The FFT











Fig. 3. Magnetite nanostructure image obtained by high-resolution trans-
mission electron microscopy (TEM) (inset box shows the fast Fourier
transform (FFT) analysis).
3.2 Frequency-dependent magnetic susceptibility per-
centage (χFD%)
The experiments of frequency-dependent magnetic sus-
ceptibility (χFD%) were interpreted using the model pro-
posed by Dearing et al. (1996) and considering data from
Hunt et al. (1995). Themagnetic susceptibility is a function
of the grain size and magnetic domain state of the sample.
The frequency-dependent parameter used was χFD% = 100
(χlf − χhf)/χlf. Table 2 shows the results of frequency-
dependent parameters and the χFD% of distinct magnetite
grain sizes. Themagnetite ofmicrometric fractions ranging
from 56–30 μm to 7–0.2 μm shows low values (<4.5%)
of χFD%. The sample containing magnetite nanoparticles
(2–14 nm) shows χFD% = 13% value.
3.3 Mo¨ssbauer spectroscopy
The Mo¨ssbauer spectroscopy analyses show that the con-
tent of magnetite particles has superparamagnetic and fer-
romagnetic behavior. The micrometric coarse group ranges
from 56 to 30 μm and the ﬁne group has a size within
7–0.2 μm. Figure 4(a), corresponding to the fraction 56–
30 μm, shows Mo¨ssbauer spectra typical of magnetite ob-
tained at room temperature and its twomagnetic states. The
ﬁrst magnetic state (upper) is consistent with a ferromag-
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Table 2. Frequency dependent parameters and χFD% of distinct magnetite grain sizes.
Sample Size χlf χhf χFD χFD%
PC1 56–30 μm 2545.33 2436.45 108.88 4.4
PC2 30–22 μm 2809.90 2809.27 0.63 0.02
PC3 22–15 μm 3850.41 3788.39 62.02 1.6
PC4 15–10 μm 3073.50 2941.07 132.43 4.3
PC5 10– 7 μm 3587.82 3540.98 46.84 1.3
PC6 7– 0.2 μm 3993.16 3856.32 138.84 3.4
A-3n 2–14 nm 32.81 28.53 4.28 13.0
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Fig. 4. Mo¨ssbauer spectra for magnetite micro- and nanoparticles. (a) Fraction 56–30 μm; (b) fraction 7–0.2 μm. At the center of the magnetite
nanoparticles is the typical doublet of Fe2+ and Fe3+ characteristic of superparamagnetic materials.
netic spectrum formed by six peaks, which corresponds to
magnetite nanoparticle aggregates strongly assembled and
cemented by berthierine. These aggregates are of microm-
eter sizes and behave as individual particles, indicating that
the 43.5% of magnetite in this grain-size fraction exhibits
ferromagnetic behavior. The fourth spectrum (bottom) is
formed by a doublet typical of Fe3O4 nanophases that cor-
responds to 13.8% ofmagnetite with superparamagnetic be-
havior. The third spectrum (middle shows a sextet corre-
sponding to FeOOH in magnetite-berthierine.
Figure 4(b), corresponding to the 7–0.2 μm fraction,
shows the Mo¨ssbauer spectra of magnetite, also with two
magnetic states obtained at room temperature. The mag-
netite is characterized by a spectrum of ferromagnetic be-
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Fig. 5. Magnetite hysteresis cycles for distinct grain size ranges, from micro- to nanometric scale. Day plot is shown at the bottom right.
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Fig. 6. Magnetite isothermal remanent magnetization parameters for distinct particle size ranges.
havior formed by a sextet (upper) corresponding to Fe3O4,
which is typical of 30.8% magnetite. Also was identi-
ﬁed in a minor proportion (14.0%) the ferrimagnetic sextet
spectrum of the FeOOH phase, corresponding to an amor-
phous substitution phase of berthierine-magnetite. The su-
perparamagnetic magnetite nanoparticles comprise 45.2%
of the sample and are the source of two well-deﬁned double
quadrupolar unfolding spectra corresponding to the Fe2+
and Fe3+ species of magnetite, respectively. The doublet
represents the fraction of small particles in which long-
range magnetic ordering is absent (Xu et al., 2002). These
doublets are characteristic of magnetite with SP properties,
and their presence supports the results obtained by suscep-
tibility measurements. The last spectrum is a paramagnetic
doublet corresponding to the FeO species of berthierine
(10% of this size fraction). Berthierine is typically para-
magnetic at room temperature. Hirt and Gehring (1991)
found that magnetite is created in heating experiments, and
this certainly occurred during a number of hydrothermal
processes in our study area. This occurrence can explain
the Mo¨ssbauer spectrum obtained in our case, which is the
emerging of a ferromagnetic phase.
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Table 3. Coercivity and remanence coercivity parameters.
Size Mr Ms Mr/Ms Hc Hcr Hcr/Hc W Ms/W
(μm) (μA m2) (μA m2) (mT) (mT) (mg) (A m2/kg)
56–30 3.600 160.0 0.0225 2.800 6.858 2.449 8.6 18.605
30–22 3.436 152.4 0.0225 2.918 7.322 2.509 12.6 12.095
22–15 4.349 170.2 0.0256 3.337 7.597 2.277 14.9 11.422
15–10 6.954 217.0 0.0320 3.927 9.945 2.532 8.8 24.660
10– 7 8.714 209.3 0.0416 5.147 14.470 2.811 15.7 13.331
7– 0.2 19.680 194.0 0.1014 11.090 26.540 2.393 10.6 18.301
2– 8 nm 154.9 2.48 0.0625 8.180 26.400 3.227 12.0 0.207
W = weight.
Fig. 7. k-T curves for samples of magnetite nanoparticles: (a) irreversible
behavior showing a predominant cooling branch; (b) reversible behavior
after repeating the measurement with the same sample for the process
in (a). Arrows indicate the heating process.
3.4 Hysteresis loops and IRM acquisition curves
Hysteresis loop experiments obtained at room tempera-
ture at magnetic ﬁeld strengths up to 1.5 T for the distinct
fractions of micro- and nanometric particle sizes are shown
in Figs. 5 and 6. Table 3 shows the obtained saturation and
remanence magnetization, coercivity and remanence coer-
civity parameters.
The ramp shape close to the origin suggests that all of
the obtained hysteresis curves seem to correspond to mag-
netite. The magnetite samples in the particle size ranging
from 56 to 7 μm are characterized by a constant increase in
the remanence of magnetization versus the saturation mag-
netization ratio when the particle size is decreasing: Mr/Ms
of 0.0225–0.0416. The magnetite ranging from a particle
size of 7 to 0.2 μm shows Mr/Ms values of 0.1014. Sim-
ilarly, the coercivity (Hc) of the micrometric samples in-
creases gradually with decreasing particle size. The lowest
Hc values (2.800–3.927 mT) occur in the 56–10 μm frac-
tions. Coercivity of the ﬁnest fractions (10–7 μm and 7–
0.2 μm) increases considerably—from 5.15 to 11.09 mT,
respectively. The hysteresis parameter plot indicates that
almost all values fall in a unique region of the Day plot,
similar to the values reported for oceanic dolerites, gabbros
and serpentinized peridotites, in being parallel to but below
magnetite SD + MD mixing curves (Fig. 5 bottom right;
Dunlop, 2002). Dunlop (2002) advised that the interpreta-
tion of this new region is not clear.
3.5 Magnetic susceptibility versus high temperatures
(k-T)
We used a mineralized sample containing magnetite
nanoparticles (2–14 nm) for the purpose of characterizing
the behavior of the magnetic susceptibility with increasing
temperature. Svoboda (1997) found that for ultra-ﬁne par-
ticles, the SP contribution of a small concentration has an
extraordinary effect on magnetic susceptibility. Figure 7(a)
shows that the heating curve of magnetic susceptibility re-
mains almost parallel to the temperature edge up to 360◦C
when, at this point, a slight inﬂection due to maghemite is
produced (due to the scarcity of micrometric magnetite).
The curve ends with an abrupt fall after 585◦C, the Curie
temperature of magnetite. The most remarkable effect of
this k-T experiment occurs during the cooling arm, when
a pronounced curve appears between 300◦C and 200◦C, in-
creasing signiﬁcantly the magnetic susceptibility. We at-
tribute this effect to the presence of magnetite nanoparti-
cles. After completing this k-T experiment, we repeated
it (second heating) using the same sample with the objec-
tive of documenting any changes after the ﬁrst heating. We
obtained the graph shown in Fig. 7(b), which conﬁrms the
presence of the last formed magnetite as being almost per-
fectly reversible.
4. Discussion and Conclusions
In this study, magnetite was carefully concentrated from
coarse to ﬁne particle sizes to study the magnetic behavior
of the distinct size ranges under investigation. The behav-
ior of the magnetite nanoparticles was indicative of con-
spicuous SP properties at room temperature, demonstrat-
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Fig. 8. Magnetite partly replaced by berthierine along its borders, with
a color gradation from dark green to brown. Magnetite is botryoidal
shape, with a strong corroded border as determined by the substitution
effect.
Fig. 9. Clusters of magnetite nanoparticles detected by HAADF dissemi-
nated in berthierine.
ing that they are non-homogeneous materials, consisting
of a mixture of ferromagnetic and paramagnetic clusters of
atoms at the same temperature (Maity and Agrawal, 2007).
These results were conﬁrmed using different techniques
that included: transmitted and reﬂected light microscopy,
EPMA, high-resolution TEM, HAADF, XRD, Mo¨ssbauer
spectroscopy, determination of frequency-dependent mag-
netic susceptibility, hysteresis parameters and temperature-
dependent magnetic susceptibility.
The speciﬁc behavior of superparamagnetic properties
of mineralized iron-ore samples is explained by the pres-
ence of magnetite nanoparticles in one sample identiﬁed by
high-resolution TEM. Figure 2 likely shows the ﬁrst im-
ages of semi-spherical magnetite nanoparticles embedded
in berthierine formed in natural environments (HAADF im-
age). The FFT conﬁrms the magnetite crystalline planes
corresponding to these distances but does not show crys-
talline defects in the nanostructure. The textural rela-
tionship and mineralogical association of magnetite with
berthierine is relevant because of the inﬂuence of this as-
sociation on magnetic behavior. Berthierine has been fully
described in Rivas-Sa´nchez et al. (2006), and it is impor-
tant to emphasize that under transmitted lightmicroscopy it
shows gradations of dark green to brown coloration along
the rounded and corroded borders of the magnetite contact,
forming colloform bands intercalated rhythmically like a
colloid (Fig. 8). The intercalation of colloids can be at-
tributed to the distinct phases ofmineral formation and is re-
lated to its chemical composition, as clearly indicated by its
formula (Stylianos-Savvas, 1995). The physico-chemical
characteristics of berthierine favored the formation of the
magnetite nanostructure since the nucleation processes en-
ables magnetite nanocores to grow inside the berthierine,
following a spheroidal pattern. Berthierine is formed by a
diagenetic process related to a hydrothermal event in a ma-
rine environment. The migration of Fe ions from the hy-
drothermal ﬂuids saturate and enrich the aqueous medium,
favoring the precipitation of berthierine. As a result of in-
creasing temperature, in the aqueous medium under reduc-
tion conditions, new magnetite nanoparticles and clusters
of nanoparticles will form (Fig. 9), possibly facilitated by
organic matter or bacteria activity.
The low values (<4.5%) obtained from experiments of
χFD% of micrometric fractions of magnetite ranging from
56–30 μm to 7–0.2 μm can be attributed to the presence of
micrometric particles formed mainly by the amalgamation
of extremely ﬁne grained magnetite particles (<0.005 μm),
with the SP fraction being conspicuous. In speciﬁc areas of
these aggregates, berthierine nanoparticles gave off a small
superparamagnetic signal during the susceptibility- versus
frequency-dependent experiment. The sample containing
magnetite nanoparticles (2–14 nm) shows χFD% = 13%, a
value that suggests a prevailing proportion (>70%) of SP
grains <0.005 μm (5 nm) dominating the sample. There-
fore, both samples contain magnetite nanoparticles of su-
perparamagnetic behavior, but with a distinct content of
these nanoparticles. We also observed (Table 2) some lin-
earity in the correlation between grains with intermediate
χFD% versus larger χFD values, which could be caused by
grains with diameters <0.01 μm behaving collectively as
larger grains. These results thus sustain that χFD% is not
limited to values higher than 12% and that χFD% = 0 must
not be taken to imply the absence of superparamagnetic
grains (Worm and Jackson, 1999).
The Mo¨ssbauer results suggest that during the granulo-
metric separation (to obtain our microparticle samples) the
major amount of ferromagneticmagnetite was concentrated
in the coarsest fraction (56–30 μm), with 43.5% being fer-
romagnetic microparticles of magnetite and 13.8% being
nanophases of superparamagnetic magnetite. The coerciv-
ity was 2.8mT and the remanentmagnetization 3.6 μAm2.
In the ﬁnest fractions, 7–0.2 μm, magnetite nanoparti-
cle aggregates are strongly compacted, with 30.8% being
ferromagnetic and 45.2% being superparamagnetic. Its co-
ercive force increases up to 11.09 mT, and the remanent
magnetization also increases up to 19.68 μA m2. The pres-
ence ofmagnetitemicroparticles smaller than 7 μm and the
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high χFD% results suggest a preponderance of SP particles
(Goya et al., 2003). The fraction that contains magnetite
nanoparticles (2–14 nm) has 8.18mT coercivity, a remanent
magnetization of close to zero (0.1549 μA m2), and a high
value of χFD% (13%), which corroborates dominance of the
superparamagnetic over the nanometric fraction. The nano-
metric fraction has magnetization and coercivity ratios of
0.0625 and 3.227, respectively (Table 3), which is relevant
considering that their volume content is very low (∼2.0%)
in relation to the sample between 0.2 and 7 μm.
The Mo¨ssbauer results conﬁrm the observations ob-
tained by high-resolution TEM—i.e., magnetite micropar-
ticles (0.2–56 μm) are present in two magnetic states
which depend on the textural arrangement, grain size and
compaction grade of the magnetite grains and their rela-
tion within the berthierine. These results indicate a close
relationship with the atomic moment coupling of mag-
netite nanoparticles: 1) micrometric particles formed by
magnetite nanoparticle aggregates are being strongly com-
pacted, promoting coupling between their atomic/magnetic
moments and, consequently, the acquisition of ferromag-
netic behavior; 2) magnetite nanoparticle aggregates are
separated from each other by major amounts of berthierine,
which promotes randomness in their atomic/magnetic mo-
ments and thereby avoids the exchange forces which result
in a superparamagnetic behavior; 3) the ferromagnetic spec-
trum shown by the FeOOH molecule could be explained as
a berthierine-magnetite substitution phase, developed in a
reducing aqueous medium where hydroxyl (OH-) free rad-
icals interact with the FeO molecule. In the ﬁnest frac-
tion, sample 7–0.2 μm, there is a signiﬁcant increase in
the aggregate content (ﬁne microparticles) formed by mag-
netite nanoparticles with superparamagnetic behavior; this
is in contrast to the situation in the coarsest fraction sample.
This result is probably due to the liberation of magnetite
nanoparticles with decreasing nanometric aggregate size,
which in turn reduces the exchange forces, thereby avoid-
ing the coupling of magnetic moments between the vicinity
atomic moments. Similar interpretations for the magnetic
properties of nanoparticles, including their SP relaxation,
have been found to depend on the aggregation state due to
magnetic coupling being established between surface atoms
of neighboring particles (Frandsen and Mørup, 2006).
These results, together with those of χFD%, suggest that
the behavior ofmagnetitemicroparticles corresponds to that
of ultraﬁne magnetite. Microparticles between 7–0.2 μm
are considered to be compact aggregates formed by a sig-
niﬁcant proportion of SP grains. The textural sort and re-
action time for measuring the equipment are closely linked
to a decrease in grain size, resulting in a gradual increase of
coercivity and remanence. Magnetocrystalline anisotropy
(intrinsic property of a ferrimagnet) is independent of grain
size (Dunlop and O¨zdemir, 1997). This anisotropy ismostly
due to the energy necessary to deﬂect themagneticmoment
in a single crystal from the easy to the hard direction caused
by the interaction of the spin magnetic moment with the
crystal lattice (spin-orbit interaction of electrons). The elec-
tron orbits are linked to the crystallographic structure, and
through their interaction with the spins they cause the latter
to prefer to align along well-deﬁned crystallographic axes.
Therefore, there are directions in space in which amagnetic
material is easier to magnetize than in others.
Repeated two times magnetic susceptibility versus tem-
perature experiments were performed on the same sample
(2–14 nm) in rapid succession. These gave curves that
revealed reversibility in the second experiment due to the
formation of new magnetite nanoparticles and the likely
growth of those already present during the ﬁrst heating pro-
cess. This result agrees with that obtained by Novakova et
al. (2006).
The behavior of magnetic properties is attributed to their
atomic packing. Magnetite nanoparticle agglomeration re-
quires that its magnetic domains display a distinctive be-
havior, in which SP properties and a major coercive force
require a major magnetic ﬁeld intensity to reach saturation.
We concur with Pedreshi et al. (2003) who consider that su-
perparamagnetism in thesematerials is explained on the ba-
sis that thermal energy becomes greater than the anisotropy
energy in a single domain material, resulting in a randomly
ﬂuctuating magnetic moment.
The magnetic parameters could serve as an indicator of
the presence of SP magnetite nanoparticles. Coercivity
and remanent magnetization of magnetite increase with de-
creasing particle size, probably due to parallel coupling ef-
fects interacting with antiparallel and uneven atomic mo-
ments. A decrease in grain size favors the predominance
of a coupling type over other (parallel) effects, result-
ing in a gradual increase in the coercivity and the rema-
nence due primarily to the magnetocrystalline anisotropy.
The magnetite nanoparticles of 2–14 nm are freely dis-
persed in berthierine, reaching a remanence close to zero
(0.1549 μA m2), which suggests the presence of SP natural
particles (Maity and Agrawal, 2007).
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